This expression recovers equilibration pressures of our calibrant dataset, comprising both new and published experimental and natural data, to within ±16 % relative uncertainty. An uncertainty of 10 % relative for a typical Al tot value of 1.5 apfu translates to an uncertainty in pressure estimate of 0.5 kbar, or 15 % relative. Thus the accuracy of the barometer expression is comparable to the precision with which near-solidus amphibole rim composition can be characterised.
Introduction
Plutons of broadly granitic (or "granitoid") composition are widespread in the continental crust and play an important role in the evolution of orogenic terranes. Consequently, dated plutons of known emplacement depth can be used as 'crustal nails' to track complex crustal exhumation during orogenesis (Anderson 1996; Ague and Brimhall 1988b) . Granitoid plutons also have close associations with hydrothermal ore deposits, notably porphyry copper deposits (PCDs) that are the world's primary source of Cu and Mo (Sillitoe 2010) . Granitoid bodies are predominantly found in the upper continental crust (2-20 km), with mineralised porphyry stocks occupying the shallow limit of this range (≤4 km). However, providing an accurate quantitative constraint on the emplacement depth of individual intrusions, particularly at the shallow crustal depths that typify many ore-related plutons, has proven difficult (Anderson et al. 2008) . Evidently granite geobarometry is an important P (kbar) = 0.5 + 0.331(8) × Al tot + 0.995(4) × Al tot 2
Abstract We report new experimental data on the composition of magmatic amphiboles synthesised from a variety of granite (sensu lato) bulk compositions at near-solidus temperatures and pressures of 0.8-10 kbar. The total aluminium content (Al tot ) of the synthetic calcic amphiboles varies systematically with pressure (P), although the relationship is nonlinear at low pressures (<2.5 kbar). At higher pressures, the relationship resembles that of other experimental studies, which suggests of a general relationship between Al tot and P that is relatively insensitive to bulk composition. We have developed a new Al-in-hornblende geobarometer that is applicable to granitic rocks with the low-variance mineral assemblage: amphibole + plagioclase (An 15-80 ) + biotite + quartz + alkali feldspar + ilmenite/ titanite + magnetite + apatite. Amphibole analyses should be taken from the rims of grains, in contact with plagioclase and in apparent textural equilibrium with the rest of the mineral assemblage at temperatures close to the haplogranite solidus (725 ± 75 °C), as determined from amphibole-plagioclase thermometry. Mean amphibole rim compositions that meet these criteria can then be used to calculate P (in kbar) from Al tot (in atoms per formula unit, apfu) according to the expression:
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Pluton emplacement depth (pressure) estimates can be retrieved from adjacent metamorphic aureoles containing appropriate mineral assemblages for barometric calculations (Anderson et al. 2008) . However, suitable aureole assemblages are relatively rare, especially in calcareous country rocks, quartzofeldspathic rocks (e.g. metagranitoids) or other alumina-poor sediments, lacking aluminosilicate porphyroblasts (Ague 1997) . Moreover, this method of estimating emplacement pressure can be compromised by extensive overprinting and relative motion between the pluton and the surrounding wall rocks during magma ascent (Zen 1989) . What would be preferable is a means of recovering pressure from the solidified plutonic rocks themselves.
Calcic amphibole is a common solid-solution mineral in intermediate and felsic rocks; its composition is sensitive to pressure, temperature and bulk composition, making it a potentially useful phase for estimating directly the conditions under which evolved magmas crystallised. Creating a general amphibole thermobarometer that is applicable to a wide range of igneous systems has been fraught with challenges (Putirka 2016; Erdmann et al. 2014) . This is particularly true for high-temperature volcanic systems (>800 °C) that have high thermodynamic variance where the equilibria that control element partitioning into amphibole are still poorly understood (Putirka 2016) . In near-solidus, low variance granitoid systems, however, the total aluminium content (Al tot atoms per formula unit) of igneous hornblende is known to be particularly sensitive to intensive parameters through a combination of the pressure-sensitive Tschermak exchanges (Eqs. 1a, 1b) and the temperature-sensitive edenite exchange (Eq. 2) (Hollister et al. 1987; Blundy and Holland 1990) .
The second of these equilibria is the basis of the widely used amphibole-plagioclase geothermometer of Holland and Blundy (1994) . Equilibrium (1), which involves, in addition to amphibole, plagioclase and quartz, the common granite minerals biotite and alkali feldspar, was explored as a geobarometer by Ague (1997) , using thermodynamic data for the various mineral end-members. Although his barometer has considerable potential, the slope of the reaction in P-T space is small (dP/dT ≈ 13 bar/K) and Equilibrium (1) must be used in conjunction with the Holland (1a)
Tremolite + Phlogopite + 2 Albite + 2 Anorthite = 2 Pargasite + 6 Quartz + Orthoclase (1b) Phlogopite + 2 Quartz + 2 Anorthite = Tschermakite + Orthoclase (2) Tremolite + Albite = Edenite + 4 Quartz and Blundy (1994) thermometer to yield pressures. More recently, Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) have used total Al content of experimental amphiboles from a variety of starting materials in the pressure range 1.3-22 kbar to formulate a barometer. Their formulation does not stipulate a particular buffering assemblage, so it is unclear what reaction(s) controls the barometer expressions that they provide.
An alternative, and pragmatic, approach to amphibole barometry in granitic rocks, based around Equilibrium (1), was proposed by Hammarstrom and Zen (1986) . They argued that although Equilibrium (1) ultimately controls the Al content of magmatic hornblende, the low thermodynamic variance of granitic systems at or close to the solidus means that additional influences on amphibole Al content, such as temperature and bulk composition, are minimised. They argued that in an 11-component granitic system (SiO 2 -Al 2 O 3 -TiO 2 -FeO-Fe 2 O 3 -MgO-CaO-Na 2 O-K 2 O-P 2 O 5 -H 2 O) containing the ten phases amphibole + biotite + plagioclase (An 10 -50 ) + quartz + K-feldspar + magnetite + ilmenite (or titanite) + apatite + melt + H 2 O-rich vapour, the thermodynamic variance is equal to 3. As most calc-alkaline plutons exhibit a redox state close to the nickel-bunsenite (NNO) buffer and the water-saturated haplogranite solidus is approximately isothermal above ~2.5 kbar (Holtz and Johannes 1994; Johannes and Holtz 1996) , all of the chemical variation can be ascribed to a single intensive variable, pressure. The predominant chemical variable in this situation is the Al content of amphibole, which they argued would provide for a solidus barometer in hornblende-bearing granites, provided that it could be demonstrated that the low-variance mineral assemblage was in equilibrium. The use of a slow-diffusing element like Al tends to limit any subsolidus redistribution and reduce the susceptibility of the barometer to being reset. This approach has been explored several times using either natural plutons with independent depth estimates (Hammarstrom and Zen 1986; Hollister et al. 1987) or high pressure and temperature phase-equilibria experiments employing a variety of techniques and starting materials (Johnson and Rutherford 1989; Thomas and Ernst 1990; Schmidt 1992) . In each case, the Al content of amphibole was found to correlate linearly with pressure within the calibrated pressure range of 2-14 kbar (Table 1) .
The three experimental calibrations claim significantly smaller uncertainties than the original Hammarstrom and Zen (1986) calibration. However, the variation from one calibration to another means that, for a typical granitic amphibole Al tot content of 1.5 apfu, the calculated pressure may vary from 1.8 to 4.1 kbar, greatly exceeding the apparent precision of any individual experimental study. These differences were variously ascribed to: the nature of the fluid phase (H 2 O versus H 2 O-CO 2 mixtures), the Page 3 of 27 85 experimental technique (amphibole is notoriously reluctant to produce large crystals in near-solid experiments and seed crystals were normally required), the experimental temperature (from 10 to 100 °C above the water-saturated granite solidus) or the experimental bulk composition (from tonalite to granodiorite). The issue of fluid composition was considered particularly important because of the well-known effect of dissolved CO 2 in the fluid to raise the solidus temperature, e.g. by 50 °C from XH 2 O = 1 to XH 2 O = 0.75 (Keppler 1989) . Anderson and Smith (1995) attempted to address the issue of temperature dependence by combining the higher-temperature, mixed H 2 O-CO 2 fluid experiments of Johnson and Rutherford (1989) with the lower temperature, pure H 2 O experiments of Schmidt (1992) to produce a thermobarometer that took account simultaneously of temperature and pressure of amphibole crystallisation. Their formulation also claims an accuracy of the order 0.6 kbar provided that the crystallisation temperature is known accurately. For example, uncertainty of ±50 °C in amphibole crystallisation temperature equates to a pressure variation of more than ±0.6 kbar for an Al tot of 1.5.
Despite the obvious difficulty in creating a robust igneous amphibole barometer that is applicable across a wide range of bulk compositions, the use of the existing formulations, most notably that of Schmidt (1992) , has been remarkably widespread, as it often provides the only reliable means of constraining the pressure (depth) at which a granitic pluton was emplaced and solidified. A number of problems remain, however:
1. Many plutons are emplaced at pressures below 2.5 kbar where the haplogranite solidus increases sharply in temperature, e.g. by 45 °C from 2.5 to 1.0 kbar (Johannes and Holtz 1996 Even when textural evidence for amphibole growth at the solidus is compelling, the standard deviation of Al tot contents is rarely less than 0.15 apfu. Given that the relationship between pressure and Al tot involves a slope of ~5, the propagated uncertainty in pressure that accrues from variability in Al tot is comparable in magnitude to the accuracy of the barometers. What, then, are realistic upper limits on barometer accuracy and precision? 5. To be reliable the barometer requires a buffer assemblage of 11 phases to be at, or close to, saturation. If the amphibole in question did not achieve equilibrium with one or two of these phases what effect will this have on pressure estimates? 6. All of the existing barometer calibrations have negative intercepts on the pressure axis at zero Al apfu. This is untenable, not least because the minimum pressure at which amphibole can crystallise from a granitic melt is thought to be around 0.5 kbar (Sato et al. 1999) . How reliable is the barometer at low pressure, especially when the lowest pressure of barometer calibration is 2 kbar?
The aim of this study is to address the above concerns regarding the extant Al-in-hornblende barometers by performing phase equilibrium experiments on a range of lower Al 2 O 3 starting materials, at pressures of 10 down to 0.8 kbar and over a range of near-solidus temperatures. The resulting amphibole analyses are used in conjunction with a wider dataset, experimental and natural, to test the validity of the assumptions inherent in the barometer and provide a revised calibration that is applicable down to the minimum pressures at which amphibole crystallises.
Methods and materials

Starting materials
We selected three different bulk compositions to represent a range of typical orogenic granites, and to extend Table 2 , along with compositions from the experimental studies of Johnson and Rutherford (1989) , Thomas and Ernst (1990) and Schmidt (1992) for comparison. How these bulk compositions compare to compositional variation observed in natural granitoids is illustrated in Fig. 1 . We adopted three strategies for preparation of starting materials; this was in an attempt to approach the same end result from different starting points, although we recognise that this approach does not constitute a reversal in the formal sense. The first series of experiments used a coarsely crushed powder (cf. Pichavant et al. 2007 ) of MC1314 (>30 µm grain size); the second series used a finely crushed (<30 µm) powder of MC1314 or CMA; the third series used starting materials of MC1314 or FSC1332, fused with excess H 2 O in a TZM pressure vessel (see below) to create a water-saturated glass. We did not seed any of the starting materials with hornblende, in contrast to the experimental studies of Thomas and Ernst (1990) and Schmidt (1992) . Samples MC1314 and FSC1332 contain primary magmatic hornblende; its composition, as well as that of the coexisting plagioclase rims, is given in Table 2 . MC1314 shows signs of incipient propylitic alteration, whereas FSC1332 is relatively fresh. Pure water was added to powders in all experimental charges except that for CMA201, to which a 10 wt% NaCl eq aqueous mixture was added. The total quantity of fluid added to each charge is given in Table 3 . All experiments were run in welded Au capsules. Weld integrity was assessed by heating overnight at 110 °C and checking afterwards for weight loss.
Experimental methods
Experimental details, including run conditions and starting materials, are provided in Table 3 and summarised below. Low-pressure experiments (0.8-3 kbar) were performed using a combination of externally heated, rapid-quench water-pressurised Nimonic cold-seal vessels (hereafter "CSV") and gas-pressurised molybdenum-hafnium carbide or titanium-zirconium-molybdenum (collectively "TZM") vessels. A 3-mm OD, welded, Au capsule containing starting material plus water was loaded into the tip of a Ni alloy filler rod designed to sit in the hot-spot of the vessel. Oxygen fugacity was not externally buffered in the CSV apparatus, but has been shown to lie slightly above NNO through the agency of the Nimonic alloy, which is predominantly made of Ni. This redox state was confirmed by analyses of coexisting Fe-Ti oxides in some runs (see below). In the TZM, fO 2 was controlled by bleeding an Ar-H 2 mix into the Ar pressurising fluid. In both low-pressure apparatuses, heating was by external furnace; temperature was measured by a K-type thermocouple inserted into a well adjacent to the sample in the CSV or resting on the pressure vessel in the TZM, but calibrated for the offset with the sample temperature. The furnace was adjusted to maintain the required temperature at that thermocouple. Comparison with measurements made at the sample itself suggests the reading is within ±5 °C. The systems were pressurised with a Haskel Air-Water pump, and pressure was measured using a digital pressure gauge calibrated against a Bourdon Gauge. For a typical run, it is usually possible to maintain the pressure during the run within ±20 bars of the desired value. All low-pressure experiments were initially heated above the run temperature to fully or partially melt the starting material, before cooling to the run temperature. Starting materials for five MC1314 runs (R01, R02, R08, RB02, RB03) and CMA201 were held in the CSV for 24 h at 850 °C, its upper operating temperature and then cooled manually to run temperature. The remaining low-pressure Fig. 1 Chemical variation of experimental starting materials used in this study and from other barometer calibrations that used either experiments or natural granitoids. All compositions are given in Table 2 . Natural data from Ague and Brimhall (1988a) and Dilles (1987) Hornblende-plagioclase temperature from Holland and Blundy (1994) c Two-feldspar temperature from Putirka (2008) d Two-oxide temperature from Spencer and Lindsley (1981) and Andersen and Lindsley (1988) e Two oxide fO2 in log unit relative to NNO from Spencer and Lindsley (1981) and Andersen and Lindsley (1988) experiments were carried out in two stages: first, fully glassed, hydrous starting materials were made by heating Au capsules filled with fine-grained powder samples to ~980 °C at 1.5 or 2 kbar in the TZM for 3-4 h and rapidquenched; then, the same capsule was re-loaded into the CSV at 850 °C and promptly cooled at 10-20 °C/h to run temperature. Run durations in the CSV (705-810 °C) ranged from 10 to 12 days, approximately twice as long as the experiments of Johnson and Rutherford (1989) at similar temperatures (720-780 °C), and approximately half as long as the 2.5-6 kbar experiments of Schmidt (1992) at lower temperatures (665-700 °C). In some experiments, in an effort to enhance the growth of larger amphibole crystals, the temperature was cycled, with an amplitude of ±10 °C, around the set-point with a period of 30-90 min for several days (Table 3) to promote Ostwald ripening (cf. Mills and Glazner 2013) . At the end of the CSV runs, samples were isobarically rapid-quenched. The evolution of our experimental methodology highlights the difficulty of crystallising an intermediate to felsic equilibrium phase assemblage at low pressures to grain sizes adequate for microprobe analysis. On the other hand, the consistent results from experiments at similar conditions using different approaches (see below) serve as a useful test of reproducibility.
Moderate-pressure experiments (5-10 kbar) were carried out using a ¾" inch talc-Pyrex assembly in an end-loaded piston-cylinder apparatus. Such a large assembly minimises frictional loss and shear stress at lower pressures (Johannes et al. 1971) . A double capsule technique was used to buffer fO 2 . A 3 mm OD inner, crimped Au capsule containing equal parts Ni metal powder and distilled water, and packed with Al 2 O 3 powder, was loaded into a 6 mm OD outer Au capsule containing the rock powder plus water. The outer capsule was welded shut with a lid in a 'trash can' like arrangement (Sneeringer and Watson 1985) . Loaded, welded, double capsules were placed into a crushable alumina tube, surrounded with Pyrex powder, MgO powder and MgO discs, and inserted into a pressure cell comprising Al 2 O 3 plugs, graphite furnace, Pyrex sleeve and talc sleeve, and wrapped in lead foil (McDade et al. 2002) . The assembly was heated and pressurised in a similar fashion to Brooker et al. (1998) to minimise diffusive carbon infiltration, that can arise from a cracked furnace, into the sample capsule: cold-pressurisation to ~3 kbar, held overnight, then heated to ~600 °C (at this temperature the Pyrex softens), followed by gradual heating and pressurisation to >900 °C and the target pressure (i.e. "hot piston-in" technique). Two pressure calibration schemes were used to account for frictional losses. At pressures of 8 and 10 kbar, we used a correction factor of −3.6 ± 1 % (McDade et al. 2002) ; at lower pressures (≤5 kb), where frictional losses become much larger, we used a −20 ± 1 % correction (Pistone et al. 2016) . In all runs, temperature was maintained above 900 °C for approximately 24 h, to ensure the starting material had melted, before being lowered to the target temperature at a rate of ~10 °C/h. In one run (MC1314R06) temperature cycling similar to that described above was used. Temperature was measured using Type D axial thermocouples and controlled using a Eurotherm 902 digital controller. Experiments were quenched by turning off the power.
Analytical methods
Epoxy-mounted polished samples were prepared for sample characterisation and analysis.
Scanning electron microscopy (SEM) was carried out on a Hitachi S-3500 N instrument with 20 kV accelerating voltage and 17 mm working distance. Phase identification was performed using energy dispersive (ED) spectra. Exhaustive searches were undertaken to establish the full phase assemblage, as some minerals were present in very low amounts.
Electron microprobe analysis (EPMA) was performed at the University of Bristol on either a JEOL JXA 8530F field-emission gun instrument or a Cameca SX100 instrument, both using five crystal wavelength dispersive spectrometers. For mineral analyses, the excitation volume was minimised by using a 10 kV accelerating voltage; the beam current was 10 nA focussed to a 1 µm spot. Wherever possible, cores and rims of minerals were analysed to quantify any zoning, where present. For glass analyses (and some plagioclase crystals, where large enough), we used 15 kV accelerating voltage with a defocussed (15 µm), 4 nA beam to reduce alkali migration (cf. Humphreys et al. 2006 ). Calibration was carried out on a mixture of natural and synthetic minerals and oxides; glasses of known composition were used as secondary standards.
Ion microprobe analysis (SIMS) of gold-coated mounts was carried out at the University of Edinburgh NERC ionmicroprobe facility using a Cameca ims1270 instrument with a primary beam of (O 2 )
− ions accelerated to 12.2 kV and focussed to a ~15 µm diameter 4.2 nA beam at the sample surface (net impact energy of 22.2 kV). Positive secondary ions, with a 75 ± 20 V offset to reduce molecular ion transmission, were acquired over a total of 10 analytical cycles (~10 min total analysis time). CO 2 (as 12 C) and H 2 O (as 1 H) were analysed at high mass resolution (M/∆M ≈ 3000) to resolve 12 C + from 24 Mg
2+
. The sample surface was sputtered for 2 min prior to analysis to remove surface contamination and a field aperture was used to limit the analytical volume to 15 µm diameter. Calibration was carried out for 30 Si-normalised 1 H and 12 C ratios against a range of rhyolitic glass standards with ≤1.04 wt% CO 2 and ≤10 wt% H 2 O. Signals were background-corrected using session-averaged background count rates of ~3 cps for 12 C and ~850 cps for 1 H as determined on quartz grains in the run products and/or standard blocks. We additionally analysed for MgO 
Experimental results
Experimental phase assemblages are given in Table 3 , EMPA analyses of quenched glasses in Table 4 and minerals in Tables 5, 6 , 7, 8, 9, 10. Back-scattered electron photomicrographs of representative run products are presented in Fig. 2 .
All but three of the twenty runs reported in Table 3 contained amphibole, biotite, plagioclase, quartz, Fe-Ti oxides, apatite, vesicles (vapour) and quenched melt (glass). Alkali feldspar, which is rare, typically fine-grained and very difficult to identify in BSE images, was positively identified in 15 runs. Pyroxenes (both ortho and clino) occur in approximately half of the runs, usually in association with (e.g. as inclusions in) amphiboles. Sulphides were observed in FSC1332R04 and CMA201 only.
The textures of run products varied according to the nature of the starting material and the experimental method used. In CSV experiments with coarse-grained starting material (Fig. 2a) , pools of glass form between large (<100 µm) resorbed, relict grains of plagioclase, quartz and biotite. Relict alkali feldspar grains develop a patchy texture suggestive of partial melting and exsolution during the run. Between the relict grains, small (10-50 µm) euhedral grains of amphibole, plagioclase and oxides form, along with clusters of tiny (~1 µm) alkali feldspars. Amphiboles often show thin, outer rims <10 µm wide of slightly more Mg-rich composition. Vesicles appear to form an interconnected network. Glass is free of microvesicles. In CSV experiments using glassed starting materials, relict crystals are conspicuously absent (Fig. 2b) . Vesicles are isolated and typically >20 µm in diameter. Matrix glass is again microvesicle-free. Plagioclase is abundant and typically lath-like with evidence for very thin (≤2 µm) more calcic rims, possibly grown during quench. Subhedral amphiboles tend to form in clusters, often associated with pyroxenes. In the 0.8 kbar run FSC1332R01 (Fig. 2b) , the intergrowths of amphibole and orthopyroxene suggest that this experiment lies close to the low-pressure limit of amphibole stability. Similar features involving amphibole and clinopyroxene were observed in FSC1332R04.
High-pressure runs (Fig. 2c-f ) are consistently free of relict grains. At 10 kbar (Fig. 2c ) and 8 kbar (Fig. 2d) , run product crystals are uniformly fine-grained and euhedral, surrounded by small pools of glass, and uniformly distributed throughout the capsule. Amphiboles often display relatively Fe-rich cores and/or clinopyroxene cores that are thought to represent nuclei formed either during glassing, or during subsequent cooling to run temperature (Fig. 2e) . Smaller crystals lack such cores and were selected for EMPA analysis. All crystals contain very thin (<5 µm) outermost rims of more Fe-rich composition, which we ascribe to growth during quench. Plagioclase crystals may show zoning from more calcic cores (Fig. 2d) , thought to be high-temperature relicts, to less calcic outer rims that we selected for EMPA analysis. Biotites are uniformly acicular and too fine-grained for EMPA analysis (Fig. 2f ) in almost all runs except for rare, ragged, poorly polished larger grains (Fig. 2c ). There are two size populations of vesicles within the quenched glasses. The larger population (≥20 µm diameter) is distributed randomly through the capsules (e.g. Figure 2e , f) and is thought to represent volatile saturation at run conditions. The second population of tiny vesicles (<1 µm diameter) is interpreted to form upon quenching, suggestive of prograde solubility (i.e. decreasing with decreasing temperature). Microvesicles are particularly abundant at 4.3 kbar and 680 °C (Fig. 2e, f) . Similar microvesicles are present, but much harder to discern at 8 (Fig. 2d ) and 10 kbar, because the glass pools are generally much smaller. It would appear that water solubility remains prograde at pressures above 4.3 kbar. The lack of microvesicles below 4.3 kbar (Fig. 2a, b) and their presence at and above this pressure suggest the transition from retrograde to prograde solubility occurs between 3 and 4.3 kbar. This is consistent with Paillat et al's (1992) experiments on albite glass, where they document a solubility change from retrograde to neutral (temperature-insensitive) to prograde in the 4-5 kbar pressure interval.
Phase chemistry Glasses
EMPA analyses of quenched glasses from 13 runs are given in Table 4 . A subset of runs, where glass pools were large enough, were analysed for H 2 O and CO 2 by SIMS. The glasses are uniformly high-silica rhyolites, with SiO 2 contents that increase with decreasing pressure (Fig. 3a) , consistent with the increase in silica solubility at the ternary minimum in the haplogranite system as pressure decreases (Tuttle and Bowen 1958; Johannes and Holtz 1996) . This trend is more pronounced in our data if we exclude run CMA201 that was equilibrated at temperatures well above the ternary minimum. Al 2 O 3 (not shown) and CaO (Fig. 3b) contents decrease with decreasing pressure, largely due to plagioclase crystallisation. In Fig. 4 , we project the glasses into the haplogranite Qz-Ab-Or ternary using calculated CIPW norms (with Fe 3+ /ΣFe = 0.2) and the correction scheme for normative anorthite (An) content of Blundy and Cashman (2001) . The experimental glasses show clearly a migration towards the Qz apex and away from the Ab apex with decreasing pressure. At lower pressures, there is excellent agreement between our projected glasses and the locations of the ternary minima of Johannes and Holtz (1996) . At pressures above 4 kbar, our glasses are displaced to higher Qz contents.
Dissolved H 2 O contents range from 5.2 to 8.6 wt% ( Table 4) . Dissolved CO 2 contents are consistently low (<500 ppm), except in the single analysed piston cylinder run at 8 kbar (MC1314 R06), where significant CO 2 was detected by SIMS, although not quantified. This high CO 2 almost certainly derives from the graphite furnace, which is inevitable in long-run duration, high-pressure piston cylinder runs (Brooker et al. 1998 ) even with gold capsules. It is striking, however, that no such elevated CO 2 is evident in 4.3 kbar runs. Glass volatile contents can, in principle, be used to recover experimental pressures and/or derive solubility models for liquids close to the granite ternary minimum. However, as noted above, glasses appear to show both prograde and retrograde solubilities. Retrograde solubility means that during quench the dissolved water content of glasses can increase above the saturation value at run conditions, whereas prograde solubility will lead to water exsolution. Only when solubility is neutral (in this case at or around 5 kbar), or when quench rates are extremely rapid will the volatile content of quenched glasses match that at run conditions. For each of our glasses with SIMS data, we have determined the apparent pressure of saturation using the solubility model MAGMA-SAT of Ghiorso and Gualda (2015) . At 4.3 kbar run pressure, the calculated pressure for four runs (MC1314 R03, R12A, R12B and FSC1332 R05) is 4.33 ± 0.16 kbar. The agreement suggests that the total mass of water exsolved into tiny microvesicles (e.g. Figure 2f ) is very small. In contrast, calculated saturation pressures at run temperature for low-pressure, CSV runs consistently overestimate run pressure by 0.5-1.2 kbar. As the CSV apparatus has no pressure calibration issues, the overestimation of pressure means that either the solubility models are incorrect or that the dissolved volatile content is modified on quench. It is not possible at present to distinguish between these possibilities, although it is worth noting that all of the solubility data at pressures below 2 kbar and temperatures below 750 °C used in the MAGMASAT calibration come from experimental studies carried out long before the advent of SIMS characterisation of run products. Conversely, According to the solubility model of Ghiorso and Gulada (2015) , regardless of the exact saturation pressures calculated, the observed ratio of dissolved H 2 O to CO 2 in the glasses is consistent with XH 2 O in the coexisting fluid of >0.9 in all runs except that at 0.8 kbar (~0.8).
1 This is consistent with the apparent location of the low-pressure glass compositions close to the water-saturated ternary minima in Fig. 4 . In the 8 and 10 kbar runs, XH 2 O may be 1 The presence of small amounts of CO 2 in the low pressure glasses is probably inherited from the natural starting materials.
Fig. 2
Representative back-scattered electron (BSE) images of experimental run products. a CSV run MC1314R02 at 2 kbar with coarse-grained starting materials. Large relict grains of quartz (Qz), plagioclase (Pl), biotite (Bt) and mottled alkali feldspar (Kf) sit in finer grained matrix of glass with newly grown crystals, including euhedral hornblende (Hb) and plagioclase and aggregates of alkali feldspar. b CSV run FSC1332R01 at 0.8 kbar using glassed starting material. Large pools of glass (Gl) contain small euhedral hornblende, orthopyroxene (Op), often forming clusters, plagioclase, quartz and apatite (Ap). Biotite forms very fine-grained needles. Note large vesicles (V). c Piston cylinder run MC1314R05 at 10 kbar. Equigranular texture of zoned hornblende, oxides (Ox), apatite, plagioclase and glass. Biotite forms tiny needles within the glass and rarer ragged laths. Only hornblende rim analyses were used for barometry. d 8 kbar run MC1314R06 showing euhedral, zoned hornblendes, thin biotite laths, zoned plagioclase, alkali feldspar clusters and quartz (Qz) in glass with rare microvesicles (m-arrowed). Some hornblendes have oxide inclusions. e 4.3 kbar run MC1314R12A showing euhedral hornblende and plagioclase in glass matrix. Biotite forms tiny needles; oxides tend to have hollow cores. Some hornblendes have clinopyroxene (Cp) cores. Note two sizes of vesicles; large ones due to vapour saturation at run conditions; tiny ones (arrowed) due to exsolution upon quench. f 4.3 kbar run FSC1332R05. Abundant acicular biotites and microvesicular glass are readily apparent significantly lower due to the presence of significant, but unquantified CO 2 ; this may contribute the deviation of the higher pressure glasses from the corresponding water-saturated haplogranite cotectics.
Amphiboles
Amphibole analyses are reported for 17 of the experiments reported in Table 5 . For each run, we provide 3-10 analyses of amphibole rims after screening a larger set of analyses for obvious signs of contamination by adjacent phases, analytical total (>97 wt%) and for stoichiometry.
Contamination was a particular problem because of the small grain size of the amphiboles. We eliminated analyses of relict amphiboles, i.e. those whose chemistry was a close match to the starting material amphiboles reported in Table 2 . In general, such amphiboles are characterised by higher Cl contents than those grown in the experiments. Finally, in a few runs, we also eliminated crystal cores (e.g. Figure 2c ) that appear to have nucleated during cooling of the glassed starting materials to the run temperature in the CSV apparatus. Such analyses were readily distinguished by lower Mg# and higher Ti contents than the equilibrium amphiboles. In runs at low pressure, amphiboles sufficiently large to analyse were rather scarce presumably because the experimental conditions lie close to the minimum pressure of amphibole stability. This problem was most acute at 0.8 kbar (FSC1332R01) because amphibole is often involved in very fine-grained intergrowth with orthopyroxenes ( Fig. 2b ) and contamination was endemic. Also, as noted by Schmidt (1993) , identifying new overgrowth rims is hardest when the new amphibole and the amphibole in the starting materials are close in composition, notably Al content. For our MC1314 experiments this problem was most acute in the 2 kbar runs (MC1314R10 and R02). Amphibole structural formulae were calculated using a modification to the method of Holland and Blundy (1994) , which makes an approximation of octahedral site Fe 3+ using stoichiometric constraints on the minimum and maximum permissible Fe 3+ . In the modified version, we give 2/3 weight to the lower constraint on Fe 3+ and 1/3 weight to the upper constraint. (This procedure cannot be used for amphiboles with tetrahedral Fe 3+ ). All of the experimental amphiboles classify as calcic (>1.5 Ca apfu) and lie within the compositional range defined by hornblende (Leake et al. 2003 Johannes and Holtz 1996) . The small square on the lower pressure lines denotes the ternary minima; the system is eutectic at 10 kbar. Red circles (labelled with the experimental pressure) are the CIPW norms of the experimental glasses from this study projected into the ternary using the method of Blundy and Cashman (2001) (Fig. 5a ), Al vi ( Fig. 5b) and Ti (Fig. 5c) . Amphiboles from 0.8 kbar run FSC1332R01 are unusual in that they contain no octahedral Al and instead appear to have appreciable tetrahedral Fe 3+ (Table 5) , features previously observed for low-pressure (~0.5 kbar) calcic amphiboles from granites on the Isle of Skye (Ferry 1985) . Although there is some overlap between starting material amphiboles and experimental amphiboles for some experiments in terms of the parameters plotted in Fig. 5a -c, the difference between starting materials and experimental amphiboles is always evident in chlorine content, which is consistently higher in the natural amphiboles (Fig. 5d) .
In terms of correlation with intensive variables, the most striking correlation is between Al tot and pressure (Fig. 6a) . However, in contrast to previous barometer calibrations, this correlation is demonstrably nonlinear showing a steepening slope below 3 kbar and a positive pressure intersection at Al tot = 0. There are also similar curved (or kinked) correlations between Al iv and pressure (Fig. 6b ) and Al vi or Ti and pressure (not shown), but these show smaller ranges and greater scatter. The implication is that pressure operates on a number of exchange vectors that involve both Al iv and Al vi , such that the Al tot versus P correlation is the most robust. Moreover, there is no difference for the pressure dependence on Al tot in the three different starting materials, suggesting that this relationship between Al tot and pressure is relatively insensitive to bulk composition. There is insufficient temperature variation in our experimental dataset for the behaviour of Al tot or Al iv to be solely the result of temperature dependence; when Al iv is plotted versus temperature (not shown) there is, in fact, a weak negative correlation that in part reflects the tendency for lower pressure experiments to be conducted at higher temperature in accordance with the slope of the water-saturated granite solidus. Note also that Mg# does not show any strong correlation with experimental conditions. In both Figs. 5 and 6, it is apparent that amphiboles produced from runs at the same pressure and on the same starting material yield amphiboles with very similar composition (Table 5) , regardless of the grain size of the starting material (i.e. MC1314 R01 and R08; MC1314 R02 and R10).
Plagioclases
Experimental plagioclase rim compositions (Table 6) span An 24 to An 58 . Unlike amphiboles, there are clear differences between the compositions of plagioclases from runs using different starting material, with those from FSC1332 runs generally lower in An content than those from MC1314 or CMA (Fig. 7) . This highlights the importance of bulk rock Na/Ca and Al 2 O 3 content in controlling plagioclase composition. It is straightforward to exclude relict cores from our analyses of MC1314 and FSC1332 run products because they show the opposite relationship to the experimental plagioclase, i.e. those from FSC1332 starting material have higher An than those from MC1314 (Table 3 ; Fig. 7 ). Orthoclase (Or) contents also depend on bulk composition. Or contents are uniformly low (≤3 mol%) in all MC1314 and CMA runs, but increase with decreasing pressure in FSC12332 runs from 6 mol% at 4.3 kbar to almost 10 mol% at 0.8 kbar (Table 6 ). In terms of intensive variables, there is a slight decrease in An content with decreasing pressure (Fig. 7) , but this never overcomes the substantial differences between the different starting materials. Any effect of changing the dissolved water content of the melt on An content, due to changes in pressure, is countered by the influence of changing temperature. For example, Cashman and Blundy (2013) have shown that a temperature change of 10 °C can change An content by as much as 10 mol% for Mt St Helens plagioclase. Again, pairs of runs at similar conditions but with different grain size starting materials (MC1314 R01 and R08), produced plagioclase with An contents that agree within 1 s.d. For those runs in which both amphibole and plagioclase have been analysed, we have calculated the amphibole-plagioclase temperature using the thermometer of Holland and Blundy (1994) . The temperatures (Table 3 ) are in reasonable agreement with the experimental temperatures (average absolute deviation, aad = 70 °C), although in three runs the discrepancy is more than 100 °C. The source of this discrepancy is not clear. It was not possible to calculate a temperature for run FSC1332R01 because of the apparent presence of tetrahedral Fe 3+ .
Fe-Ti oxides
Four runs contained coexisting ilmenite and magnetite grains with grain sizes sufficiently large for microprobe analysis (Table 7) . These pairs enabled us to calculate the equilibrium temperature and fO 2 using the methods of Spencer and Lindsley (1981) and Andersen and Lindsley (1988) . The agreement with experimental temperatures is very good (aad = 39 °C). The calculated fO 2 values for the three CSV runs are in agreement at ∆NNO = 0.6 to 1.0 log units, which is consistent with the composition of the Nimonic pressure vessel; if Ni mixes ideally in the Nimonic alloy, then the deviation should be 2logX Ni = ∆NNO + 0.5. For the single piston cylinder run with coexisting oxides, we calculate ∆NNO = 0.0, indicating that the double-capsule buffering technique was effective and that the experimental charge is at or close to H 2 O saturation; sample fO 2 will differ from buffer fO 2 by 2logaH 2 O for water-undersaturated conditions (aH 2 O < 1).
Alkali feldspar
Alkali feldspars (Table 8) have Or contents between 71 and 83 mol%. In three runs, data are available for coexisting alkali feldspar and plagioclase, allowing for a calculation of temperature. Results from the Putirka (2008) formulation are given in Table 3 . For runs MC1314R01 and CMA201, the agreement with run temperatures is within ±40 °C. For run MC1314R07, the calculated temperature is higher than expected, although this is a run where the thermocouple broke and true run temperature is not well constrained. According to the Putirka (2008) criteria for two-feldspar equilibrium, the alkali feldspar and plagioclase in MC1314R07 may not be very well equilibrated.
Biotite
Biotites are annite-rich solid solutions with Mg# of 0.51-0.59 and 2.1-2.6 Al IV apfu (Table 9 ). In experiments that contain both biotite and amphibole, there is no consistent relationship between the Mg# of the two minerals. Biotites have broadly similar Cl contents to coexisting amphibole. Although it was not possible to analyse biotites for all runs, there is a striking correlation between the total Al content of biotite (calculated on the basis of 22 oxygens) and pressure (Fig. 8) suggesting that this mineral may also have potential as a barometer.
Pyroxenes
Clinopyroxenes (Table 10 ) are predominantly salites with >0.9 Ca apfu; the rest are augites. The lowest Ca (0.63 apfu) is from a single run at 1 kbar that exhibits complex intergrowth between pyroxenes and amphibole. Clinopyroxene and orthopyroxene Al 2 O 3 contents are uniformly low (<3 wt%). There is no correlation between Al or Na apfu and pressure. 
Apatite
A single apatite grain was large enough for EPMA, from run FSC1332R06. This grain is fluorine-rich (4.3 wt%) suggesting that the starting material may also have contained significant, but unknown, fluorine. Fluorine was not routinely measured in other phases, including amphibole and biotite.
Granite emplacement barometry Calibration dataset
Our aim is to develop a barometer that can be used over a wide range of bulk compositions in rocks that contain the requisite buffer assemblage, but without having to constrain the equilibration temperature to be exactly that of the granite solidus, which in most plutonic rocks is very difficult to do. This is reflected in our choice of calibrant data. In addition to our new experimental results presented, we have included experimental data on other low-variance systems, in addition to natural granites where the emplacement pressure is independently constrained with some degree of accuracy. We have chosen not to include the experiments of Schmidt (1992) at pressures high enough to stabilize garnet (>14 kbar) or phengite (>13 kbar) because in both cases it is clear that the change in buffer assemblage, notably the appearance of a new and significant Albearing phase, changes significantly the nature of the Al tot versus pressure dependence of other minerals. For the same reasons, we have not included the garnet-bearing 10 kbar experiments of Rutter et al (1989) , even though these were designed as a test of the Al-in-hornblende barometer. The presence of epidote in Schmidt (1992) runs above 6 kbar and all Thomas and Ernst's (1990) runs does not appear to have any effect on amphibole Al tot and so these experimental data have been included. Beyond these calibration studies we have failed, despite exhaustive searches, to find any other experiments that both (a) contain the appropriate lowvariance assemblage and (b) report analyses of amphiboles. For the experimental data, we adopt uncertainties on experimental temperatures and pressures that are those provided by the authors themselves. Additional data for experimental plagioclases not provided in the original calibration papers were taken from Schmidt (1993) and Johnson and Rutherford (1988) .
In order to augment the experimental dataset, we have also included data from the five natural granites used in the original calibration of Hammarstrom and Zen (1986) , as these were selected originally on the basis of independent constraints on their emplacement pressures. Moreover, amphibole-plagioclase thermometry of the samples used for their calibration yields temperature close to the granite solidus. To ensure that their weight as calibrants takes into account the fact that they are natural, rather than experimental, samples, we have adopted pressure errors of ±0.6 kbar, as suggested by Hammarstrom and Zen (1986) and ±40 °C for the temperature, in keeping with the uncertainty on the Holland and Blundy (1994) geothermometer. Ague (1997) uses a thermodynamic evaluation of Equilibrium (1) to estimate the emplacement depth of 18 granitic rocks from the Sierra Nevada Batholith and provides mineral analyses for all samples studied. He demonstrates that the calculated pressures (from 1 to 8 kbar) are in broad agreement with independent estimates of emplacement depths. His calculated temperatures, from amphibole-plagioclase thermometry, are consistently within ~150 °C of the water-saturated granite solidus. We have used Ague's (1997) data as part of our calibrant dataset, again with a weighting of ±40 °C and ±0.6 kbar.
Additionally, we have collected our own amphibole data from three McLeod Hill quartz monzonite samples from the Ann Mason area of the Jurassic Yerington Batholith, Nevada (Dilles 1987) , all of which have the assemblage: hornblende + biotite + plagioclase + quartz + K-feldspar + apatite + titanite + zircon + FeTi oxides. The Yerington Batholith has been tilted by Basin and Range normal faulting such that it now lies in cross-sectional view, revealing a ~ 8 km section below the palaeosurface at the time of batholith emplacement. This makes the emplacement depth of the granite samples easy to estimate from map view alone (Fig. 3 in Dilles 1987) . Our samples ( Fig. 9 ; Table 11 ) come from palaeodepths of 3.4 km (FY1307), 4.8 km (FY1305), and 5.3 km (FY1301). Assuming a mean rock density of 2750 kg/m 3 for the overburden, this equates to pressures of 0.9, 1.3 and 1.4 kbar, respectively. For each sample, we analysed fresh amphibole rims adjacent to plagioclase; mean compositions are reported in Table 11 . The calculated amphibole-plagioclase temperatures (680-700 °C) correspond to the low-pressure, water-saturated granite solidus. (A fourth sample (FY1308) from a palaeodepth of 2.8 km (0.8 kbar) lacked primary magmatic amphibole, showing little evidence that magmatic amphibole had once been present. This suggests that this sample was emplaced at pressures below the minimum pressure limit of magmatic amphibole.) The analysed amphibole rims have mean Al tot contents that correlate, within error, with the estimated emplacement pressure. Uncertainty on Al tot for each sample is ±0.10 to ±0.23 apfu. These three samples are also used for calibration with temperature uncertainty of ±40 °C and pressure uncertainty of 0.2 kbar. The latter value is lower than used for other natural samples because the only uncertainties are the measured map distance and the mean crustal density. Figure 1 shows that bulk compositions of the entire calibrant dataset cover a significant fraction of the compositional variation observed in natural granitoids (tonalite to granite). Most of the previous calibrations of the barometer have been restricted to compositions between 55 and 70 wt% SiO 2 and 15 and 20 wt% Al 2 O 3 (Fig. 1a) ; our experimental dataset expands this range up to 76 wt% SiO 2 . Thus, we advise that our calibration of the barometer should only be applied to low-variance calc-alkaline granitoids in the compositional range 55 and 80 wt% SiO 2 and 10 and 20 wt% Al 2 O 3 .
The P-T range of the experimental data used to calibrate the barometer, along with their uncertainties, is plotted in Fig. 10a . We also show the water-saturated haplogranite solidus, parameterised from Fig. 2 of Holtz and Johannes (1994) as:
Most of the new experiments reported here, with the exception of four at higher temperatures, and all of those from Schmidt (1992) lie within 20 °C of the solidus. The experiments of Thomas and Ernst (1990) and Johnson and Rutherford (1989) are systematically displaced to higher temperature, as previously noted by Anderson and Smith (1995) ; with one exception these are ≤100 °C above the haplogranite solidus. Finally, the natural data from Ague (1997) and Hammarstrom and Zen (1986) and the Yerington Batholith (Table 11) With increasing temperature Reaction (4) proceeds to the right (Fig. 10a) . For the equivalent reaction involving tremolite (not shown in Fig. 10a ), stability is displaced to lower temperatures; at 1 kbar tremolite-breakdown is ~350 °C below actinolite breakdown. The significance of this curve is that the actinolite-tremolite solid solution involves clinoamphiboles with zero aluminium content. The stability curve of actinolite, the most stable of the solid solution series, thus defines the lowest pressure conditions at which members of the clino-amphibole group can occur. The intersection of the actinolite stability curve with the watersaturated haplogranite solidus therefore marks the lowest pressure at which, theoretically at least, an amphibole can Sato et al (1999) . Note, however, that these were cooling-rate, rather than phase equilibrium, experiments, conducted on dacite bulk compositions that did not yield the requisite low-variance buffer assemblage required for our calibration dataset.
The calibration dataset contains a wide range of amphibole Mg#, from 0.31 to 0.81, and Ti contents, from 0.027 to 0.345 apfu. There is a weak tendency for Mg# to increase with decreasing pressure (not shown) although bulk composition also plays a role. There is complete overlap in terms of Mg# and Ti between the experimental and the natural amphiboles. In terms of plagioclase composition, the calibration dataset involves a very wide range in composition from An 15 to An 76 with no correlation with intensive variables (Fig. 10b) .
Aluminium-in-hornblende
The calibration amphiboles display a strong and consistent dependence of Al tot on pressure (Fig. 10c) despite the wide range of bulk compositions, plagioclase compositions and experimental temperatures, relative to the water-saturated haplogranite solidus. Moreover, the close agreement of the Johnson and Rutherford data to the overall trend suggests that the effect of XH 2 O = 0.75 (rather than 1.0) and the consequent slightly higher temperatures are subsumed by the overall scatter of the data due, for example, to bulk compositional variation. The same relationship is observed in both experimental and natural data, giving us confidence that both types of data can be used to provide a calibration of the barometer provided that proper account is taken of the different uncertainties inherent in natural versus experimental data. There are surprisingly few outliers to the overall trend. The most noticeable are those at 10 kbar from this study, where the consequences of XH 2 O <1 may have an effect. Note also that one of the 10 kbar runs (MC1314R05) lacks alkali feldspar and quartz, demonstrating the importance of both phases in the buffer assemblage. For either or both of these reasons, we do not use our two 10 kbar runs for barometer calibration purposes. One striking feature of Fig. 10c is the tendency of the data to curve towards the pressure axis at low pressures. Our single experimental datum at 0.8 kbar, very close to the limit of amphibole stability in our bulk compositions, follows this curvature, suggesting that amphiboles with very low Al tot contents characterise the granite solidus at low, but non-zero pressures. This behaviour is not predicted by any of the existing barometer equations which all return a negative pressure at Al tot = 0. The intersection of the amphibole trend with a non-zero pressure is entirely consistent with the intersection of the actinolite breakdown curve with the haplogranite solidus (Fig. 10a) which Schmidt (1992) . a Variation in temperature and pressure for the amphiboles used. For the experimental data, these are the experimental run conditions; for the natural data the P-T conditions are estimated as described in the text. 1 s.d. uncertainties are plotted. The solid line is the water-saturated haplogranite solidus from Eq. (3); the broken line is the Fe-actinolite stability curve from Lledo and Jenkins (2008) . The grey bar denotes the temperature range 725 ± 75 °C that encompasses all but one of the data points used. b Variation in plagioclase rims compositions for the same dataset. Plagioclases from this study cover three different starting materials (see Fig. 7 ). c Variation in Al tot with pressure. Also shown in purple is the intersection of the Fe-actinolite stability curve with the water-saturated haplogranite solidus from (a). 1 s.d. uncertainties in Al tot for the natural amphiboles are set arbitrarily at 0.2 apfu, representative of the values we obtain for the Yerington amphiboles in Table 11 . 1 s.d. uncertainties for the published experimental amphiboles are those presented by the authors or arbitrarily assigned as 0.1 apfu for Johnson and Rutherford (1989) we argue is the minimum (theoretical) pressure at which Al-free amphibole may co-exist with silicate melt (Lledo and Jenkins 2008) . In nature Al-free actinolite is unlikely to coexist with Al-bearing haplogranite melt, i.e. a small amount of the Al will partition from the melt into the crystal. Nonetheless, we would argue that 0.5 kbar represents a much more realistic pressure for Al-free amphibole than negative pressure and, moreover, is consistent with experimental data for the actinolite-tremolite solid solution. A challenge is to find natural, amphibole-bearing granitic rocks emplaced at pressures <1 kbar to further refine the low-pressure curvature.
The strong dependence of Al tot on pressure and the curvature of this relationship from ≤3 to ~0.5 kbar at zero Al tot justifies a re-calibration of the Al-in-hornblende geobarometer that describes this low-pressure behaviour and so better recovers emplacement pressures in shallow intrusions. In Fig. 11 , we show the calibration plot of pressure versus Al tot . The relationship is clearly not linear. We have fitted a weighted, second-order polynomial least squares regression to the data. Weighting was according to the uncertainties in the calibration dataset described above. We set the intercept at 0.5 kbar, following the observation that the actinolite stability curve crosses the haplogranite solidus at this pressure (Fig. 10a, c) . Allowing the intercept to vary freely leads to values that are slightly lower than 0.5 kbar, but have large uncertainty. The resulting Al-in-hornblende barometer calibration is:
where Al tot is the total amphibole Al content in apfu and the figures in parentheses are 1 s.d. on the fit parameter expressed in terms of least significant digits. This equation recovers all of the input data, excluding the persistent 10 kbar outliers from this study identified above, to an aad of 0.60 kbar, which is comparable to previous calibrations, e.g. Schmidt (1992) , that were based on a single bulk composition across a smaller pressure range. As noted above, an uncertainty of ≥0.6 kbar will accrue with all existing barometer calibrations simply because the typical standard deviation on the mean Al tot from a population of natural amphibole rims in a sample of granite is rarely less than 0.12 apfu (cf. Hollister et al. 1987 ) and the calibration slope is ~5. The residuals between known and calculated pressures from Eq. (5) for our calibrant data show no correlation with any compositional parameter, including plagioclase An content, or temperature. The residuals do, however, increase with increasing pressure. It is therefore more appropriate to consider a relative error in pressure rather than an aad. The relative error is ±16 % relative for the entire dataset. We consider that this represents the best realistic barometer calibration given the inherent uncertainty on mean natural amphibole rim compositions, the difficulty of establishing that amphiboles crystallised at the solidus, rather than tens of degrees above. Our barometer is applicable across a wide bulk compositional range, provided that amphibole-plagioclase temperatures are 725 ± 75 °C and the appropriate mineral assemblage is present locally in the rock.
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